Background: The causes of many cases of preterm birth (PTB) remain enigmatic. Increased understanding of how epigenetic factors are associated with health outcomes has resulted in studies examining DNA methylation (DNAm) as a contributing factor to PTB. However, few studies on PTB and DNAm have included African American women, the group with the highest rate of PTB. Methods: The objective of this review was to systematically analyze the existing studies on DNAm and PTB among African American women. Results: Studies (N ¼ 10) were limited by small sample size, cross-sectional study designs, inconsistent methodologies for epigenomic analysis, and evaluation of different tissue types across studies. African Americans comprised less than half of the sample in 50% of the studies reviewed. Despite these limitations, there is evidence for an association between DNAm patterns and PTB. Conclusions: Future research on DNAm patterns and PTB should use longitudinal study designs, repeated DNAm testing, and a clinically relevant definition of PTB and should include large samples of high-risk African American women to better understand the mechanisms for PTB in this population.
Preterm birth (PTB) is the leading contributor to infant mortality in the United States, and approximately 11% of infants in the United States are born preterm (<37 weeks' gestation; Martin, Hamilton, Osterman, Curtin, & Matthews, 2015) . Infants born preterm have significant cognitive, developmental, and physiological sequelae throughout life (Platt, 2014) . Health disparities in birth outcomes by race persist, as African American women have approximately 1.5 times the risk of PTB (16%) as Caucasian women (11%) and are more than twice as likely as Caucasian women to experience infant mortality (Martin et al., 2015) . These disparities persist even for African American women with higher levels of income and education (Colen, Geronimus, Bound, & James, 2006) . Several types of PTB exist, and research has provided insight into direct and indirect pathways through which social, environmental, and medical/obstetric risk factors lead to PTB. Recently, investigators have begun paying increased attention to how these factors associate with epigenetic changes to result in PTB ( Figure 1) . However, few studies on PTB and epigenetic changes, specifically DNA methylation (DNAm), have included African American women. The purpose of this review is to provide a comprehensive discussion of DNAm and PTB with a focus on health disparities and studies done in minority populations in order to make recommendations for future research to advance the science.
Background

Risk Factors Associated With PTB and Racial Disparities in PTB
Clinicians often categorize PTB as either spontaneous or indicated, and mechanisms for prevention and treatment may differ between the two types. Spontaneous PTB can occur as a result of preterm labor (occurring in 45% of PTBs) or preterm premature rupture of membranes (PPROM; occurring in 25% of cases; Goldenberg, Culhane, Iams, & Romero, 2008) . Indicated PTB refers to cases in which maternal or fetal medical risks necessitate delivery by prelabor cesarean section or vaginal induction. Pathways to PTB may differ by race, as the biggest contributor to spontaneous PTB in Caucasian women is preterm labor, while in African American women it is PPROM (Ananth & Vintzileos, 2006) .
Research has identified a wide array of social and environmental risk factors that are associated with PTB (i.e., smoking, socioeconomic status, racism, and stress). Despite this knowledge, researchers have been unable to fully understand the causal mechanisms of PTB or determine how to reduce racial disparities in PTB (M. R. Kramer & Hogue, 2009 ). Smoking, for example, has been consistently linked with adverse birth outcomes (Goldenberg et al., 2008) , yet the rate of smoking is lower among African American women (13.7%) than among Caucasian women (17.2%; Jamal et al., 2015) . It may be, however, that African American women are less likely to quit smoking during pregnancy than Caucasian women (Harrison & Sidebottom, 2009 ). Further, investigators have reported that gene-smoking interactions are associated with hypertension in African Americans (Taylor, Schwander, et al., 2016) . How this particular gene-environment interaction influences PTB risk is still unknown.
Social determinants of poor health outcomes, such as low socioeconomic status, often result in poor nutrition and inadequate maternal weight gain, which have been associated with spontaneous PTB (Goldenberg et al., 2008) . Further, African American women are more likely than Caucasian women to exhibit signs of poor nutrition such as low serum folate levels and anemia in pregnancy (Dunlop, Kramer, Hogue, Menon, & Ramakrishan, 2011) . Other social factors such as racism and neighborhood deprivation have also been associated with increased risk for PTB (M. R. Kramer & Hogue, 2009) . A recent clinical trial among low-income, medically high-risk African American women attempted to ameliorate several individual-level risk factors leading to PTB (including inadequate housing, smoking, urogenital and periodontal infections, low literacy, and depression); however, researchers observed no change in outcome (Webb, Mathew, & Culhane, 2014) .
Medical and obstetric factors (e.g., diabetes, hypertension, and prior PTB) also contribute to higher rates of PTB in African American women (M. R. Kramer & Hogue, 2009 ). For example, obesity affects 53% of African American women in the United States (compared to 32% of Caucasian women; May, Freedman, Sherry, Blanck, 2013; Centers for Disease Control and Prevention, 2013) and is implicated in the development of diseases associated with PTB such as hypertension and gestational diabetes (Yanit, Snowden, Cheng, & Caughey, 2012) . Obese women are more likely than normal weight women to have hypertensive disorders during pregnancy, including both chronic hypertension and preeclampsia, placing them at higher risk of perinatal morbidity and mortality. Investigators from a large cohort study reported increased prevalence of mild (4.8%) and severe (3.5%) preeclampsia as well as gestational hypertension (3.6%) among African American women when compared to women of other races (Ghosh et al., 2014) . Gestational diabetes, which is also related to obesity, affects 10.5% of African American women, compared to 6.8% of Caucasians (DeSisto, Kim, & Sharma, 2014) . The rate of PTB is higher in women who have either pregestational diabetes (19.4%) or chronic hypertension (25.5%) than in women without these illnesses, and researchers have observed interactive effects for women with both disorders (35.5%; Yanit et al., 2012) .
Short interpregnancy interval has also been linked to PTB, with the ideal interval between pregnancies for optimal birth outcomes being 18-24 months. African American women are more likely to have less than 6 months between pregnancies than Caucasian women , placing them at higher risk for PTB. Further, women with a history of previous spontaneous PTB have a 2.5 times increased risk of a repeat spontaneous PTB and are 10 times as likely to have a PTB before 28 weeks' gestation than women with no such history (Mercer et al., 1999) . African American women have a rate of PTB before 27 weeks' gestation that is more than 3 times greater than that of Caucasian women (Martin et al., 2015) .
PRETERM BIRTH
Direct or inflammatory pathways
Although direct pathways to PTB exist, such as those we described above, research has suggested that inflammatory pathways may also be triggered that lead to this adverse birth outcome. For example, the prevalence of bacterial vaginosis is higher among African American women (51.6%) than Caucasian women (23.2%; Meis et al., 1995) . Antimicrobial treatment results in limited improvement in outcomes (Sanu & Lamont, 2011) , suggesting that infection may initiate an inflammatory process that continues despite treatment. Further, Gomez et al. (2010) found evidence of a gene-environment interaction between bacterial vaginosis infection and single nucleotide polymorphisms on inflammation-related genes that resulted in increased risk of PTB among a predominantly African American cohort of women. Nutritional deficiencies of iron, folic acid, zinc, calcium, magnesium, vitamin D, and polyunsaturated fats may also contribute to inflammation and may be associated with racial disparities in adverse birth outcomes .
Stress in pregnancy, which has also been associated with poor birth outcomes, may also act via inflammatory pathways (Olson et al., 2015) . In a study of chronic stress in pregnancy, authors reported that African American and Latina women had impaired cytokine glucocorticoid feedback systems, limiting their ability to regulate inflammation in pregnancy when compared to Caucasian women (Corwin et al., 2013) . Authors refer to chronic, accumulated stress as allostatic load, a concept that may be useful in quantifying stressors that contribute to inflammation and help identify women in early pregnancy at high risk for PTB (Olson et al., 2015) .
Epigenetic and Genetic Contributions to PTB
This complex system of environmental, social, and genetic factors that surround PTB have begun to inspire more studies in the area of epigenomics and PTB, yet there remains a paucity of research in this area (Parets, Bedient, Menon, & Smith, 2014) . Early epigenetic studies of the agouti mouse first identified how genetics and environmental factors interact to affect fetal programming (stressors experienced in utero) and influence phenotype (variation in coat color; Wolff, Kodell, Moore, & Cooney, 1998) . Genetic factors alone may play a limited role in PTB, and studies in humans have begun to focus on how environmental exposures affect the epigenome of pregnant women and their fetuses. Some authors have suggested that environmental exposures have a stronger influence on PTBs than genetic factors, especially for African Americans (York, Eaves, Neale, & Strauss, 2014) . However, despite being disproportionately affected by PTB, African Americans are underrepresented in genomic studies of PTB, and little is known about the epigenomic profiles that may contribute to this adverse outcome.
The shared physiology of the maternal/fetal environment presents an ideal landscape for examination of how maternal factors affect tissues and hormones to induce PTB. Epigenetic studies on PTB have commonly used DNAm as a biomarker for PTB. For example, in one study, researchers found that maternal smoking was associated with altered DNAm in offspring (Maccani, Koestler, Houseman, Marsit, & Kelsey, 2013) . There is, thus, a need for studies that compare DNAm profiles between women who deliver preterm and those who deliver full term to determine if and how variation in methylation may contribute to timing of birth. The difference in direction of change identified in DNAm between term and PTB is also important to consider, as increasing or decreasing methylation at various genes may influence gene expression leading to PTB. Zhang et al. (2011) found that global DNAm differs by race/ethnicity. Indeed, some authors have suggested that observed racial differentials in DNAm may contribute to higher rates of adverse outcomes, including PTB, among African American women (Burris & Collins, 2010) . These findings suggest that epigenomic paths of inquiry may be relevant to the study of the disproportionally high rate of PTB among African Americans. To date, however, African Americans have been underrepresented in genomic studies of PTB, and little is known about the epigenomic profiles that may contribute to this adverse outcome.
Methods
We conducted a systematic review of the literature to critically examine research on PTB that utilized DNAm. We searched the Medline (via PubMed) and CINAHL databases to find articles that met the inclusion criteria of describing databased studies that included African American/Black populations and used DNAm technologies to examine PTB. Search terms included the MeSH terms DNAm AND PTB and DNAm AND gestational age. We identified 279 English-language articles published through January 29, 2016, in our initial database search and two additional studies through citations in the retrieved articles ( Figure 2 ). After removing duplicates, we excluded studies that either did not specify the race of participants or did not include African Americans (n ¼ 55), used animal models (n ¼ 61), did not present results by PTB status, or adjusted for PTB in the analysis (n ¼ 149). Two authors reviewed the abstracts to ensure inclusion of all eligible studies, and two authors also reviewed each of the full-text articles that met the study criteria.
Results
We included 10 studies in the final review (see Table 1 ). All of the studies included African Americans in their samples, and two had study populations comprising only African Americans (Parets et al., 2013; Parets, Conneely, Kilaru, Menon, & Smith, 2015) . Only three of the studies had longitudinal or cohort designs (Burris et al., 2012; Liu et al., 2013; Vidal et al., 2013) . Sample sizes in the studies ranged from 40 to 1,160 participants.
Outcome measures differed among these studies. While most studies used PTB as their primary outcome, definitions varied widely from 22-36 weeks' gestation (Behnia et al., 2015) to 24-34 weeks' gestation (Parets et al., 2013 and the clinical definition of <37 weeks' gestation (Burris et al., 2012; Lee et al., 2012; Liu et al., 2013; Michels, Harris, & Barault, 2011; Schroeder et al., 2011; Vidal et al., 2013) . Other researchers included outcomes of growth (small or large for gestational age; Filiberto et al., 2011) or birth weight (Vidal et al., 2013) along with or instead of PTB. Type of PTB (spontaneous, indicated, or PPROM) also differed by study. Some studies focused only on spontaneous PTB (Behnia et al., 2015; Parets et al., 2013 Parets et al., , 2015 , while others drew contrasts between types (Burris et al., 2012; Liu et al., 2013; Schroeder et al., 2011) . Others did not specify PTB type (Lee et al., 2012; Michels et al., 2011; Vidal et al., 2013) or, as mentioned above, used fetal growth instead of PTB as the outcome (Filiberto et al., 2011) . One study did not have a full-term comparison group (Liu et al., 2013) , limiting analyses to preterm infants only, and another included very few cases (Vidal et al., 2013) , limiting outcome assessment.
Most studies extracted DNA for DNAm analysis from umbilical cord blood or fetal placental tissue (Behnia et al., 2015; Burris et al., 2012; Lee et al., 2012; Liu et al., 2013; Michels et al., 2011; Parets et al., 2013; Schroeder et al., 2011; Vidal et al., 2013) , while a few studies examined maternal tissues (placenta and leukocytes from whole blood; Burris et al., 2012; Filiberto et al., 2011; Parets et al., 2015) . In only one study did investigators repeat tissue collection for DNAm, with samples taken during the first and second trimesters of pregnancy as well as at birth (Burris et al., 2012) .
Methodology for methylation analysis also varied among studies. Some researchers used well-established techniques such as bisulfite polymerase chain reaction (PCR) and pyrosequencing (Burris et al., 2012; Filiberto et al., 2011; Liu et al., 2013; Vidal et al., 2013) and/or 27 K or 450 K BeadChip arrays (Parets et al., 2013 Schroeder et al., 2011) . Many studies used targeted approaches based on specific candidate genes. Two studies (Burris et al., 2012; Michels et al., 2011) examined long interspersed nuclear element 1 (LINE-1), which has been studied as a surrogate measure for genome-wide methylation status (Yang et al., 2004) . Some authors did not specify how many CpG sites (regions of DNA) they evaluated or how many they studied in each region (Liu et al., 2013) .
Several studies reported a relationship between DNAm and PTB or lower birth weight; investigators observed decreased methylation in infants born preterm (Burris et al., 2012; Lee et al., 2012; Michels et al., 2011; Parets et al., 2013; Schroeder et al., 2011) or with lower birth weight (Vidal et al., 2013) or restricted growth (Filiberto et al., 2011) . In one study, researchers found higher methylation in CpG islands within a specific gene (OXTR promoter) in preterm infants as compared to term infants (Behnia et al., 2015) . In another study including only preterm infants with infections, investigators found differences in DNAm between types of infections (chorioamnionitis and funisitis), but the study was limited by not having a full-term comparison group (Liu et al., 2013) . Finally, in one study of term (n ¼ 16) and preterm (n ¼ 24) African American infants, researchers found no CpG sites associated with PTB in an epigenome-wide investigation; however, this finding may have been due to the small sample size as well as the fact that the researchers corrected for multiple cell types in their analysis while others did not . The authors did find, however, that DNAm was significantly correlated between mothers and their infants.
Discussion
In this review of the existing literature on DNAm and PTB in African American women, we found that DNAm was associated with PTB in most studies. There is, however, a paucity of research in this area, and the reviewed studies were limited by small sample sizes, repeated use of samples from the same biobanks, largely cross-sectional study designs, inconsistent definitions of PTB, and limited inclusion of African American populations. In addition, methodology and technology used to measure DNAm differed among studies, a reflection of the speed at which the field of epigenomics is evolving. The findings of the reviewed studies are consistent with some (Burris et al., 2014; Cruickshank et al., 2013; Kim et al., 2013; Maccani et al., 2013) , but not all (Burris et al., 2013; Mitsuya, Singh, Sooranna, Johnson, & Myatt, 2014; Tobi et al., 2011) , prior studies on DNAm and PTB among samples that did not include African Americans (or those that did not specify race). In one study, researchers evaluated DNAm across the genome in a cross-sectional sample (N ¼ 24) of term versus preterm amnion from women in Iowa and Argentina (Kim et al., 2013) . They reported significant differences in DNAm at 65 CpG sites among term-with-labor, termwithout-labor, and preterm groups and validated these differences using both methylation-specific PCR and bisulfite sequencing. In another study examining genome-wide DNAm in a cohort of Caucasian and non-Caucasian women (with race/ ethnicity not specified) in Rhode Island (N ¼ 206) , investigators found that hypermethylation of RUNX3 CpG sites was associated with decreased gestational age (Maccani et al., 2013) . Cruickshank et al. (2013) used a genome-wide approach for a longitudinal study in Australia of preterm (<31 weeks' gestation, n ¼ 12) and term (n ¼ 12) infants at birth and 18 years of age. They reported a discordance of DNAm between groups, indicating a long-term epigenetic legacy of PTB. Finally, Burris and colleagues (2014) employed a targeted approach in a Mexico City cohort (N ¼ 80) and observed higher DNAm of long interspersed nuclear element-1 Homo sapiens-specific (LINE-1-HS) associated with shorter gestations. In contrast, a number of studies (Burris et al., 2013; Mitsuya et al., 2014; Tobi et al., 2011) of non-African American samples found no association between DNAm and PTB. These studies utilized a targeted candidate gene approach and varied in study design (cohort, case-control, and crosssectional studies, respectively) and in the genes studied. In one, researchers examined infants categorized as small for gestational age rather than those born preterm specifically (Tobi et al., 2011) . Interpretation of another was limited by the fact that the authors did not provide any information on race at all (Mitsuya et al., 2014) .
Few of the studies reviewed here included epigenome-wide analyses, although this approach may be the most useful for complex etiologic outcomes such as PTB . The X chromosome, which plays an important role in many biological processes, should also be included in future epigenome-wide analyses of PTB (Klebaner et al., 2016) . Researchers have commonly used markers of methylation such as LINE-1, which indicate the presence of inflammation. This global proxy of methylation has also been used in PTB studies and may be useful in investigating inflammatory pathways. However, genome-wide assessment of DNAm evaluating the direction of DNAm change may be most informative for identifying additional factors that contribute to risk of PTB. There is also a need to clearly identify genes associated with PTB, a process that can only be addressed via epigenome-wide studies.
Despite the fact that the studies reviewed here all included African Americans, they comprised less than half of the study sample in 50% of the studies. Although many current genetic studies include participants of varying ethnic and racial backgrounds in proportions that are representative of the whole U.S. population, this sampling technique often results in inadequate power to observe differences where they exist. Further, as the majority of African American women deliver full-term babies, there is an urgent need to study disparities within this high-risk group to distinguish what risk or protective factors exist. Distinct pathways to PTB may exist within the African American population, and whether they are socially induced (or mediated via resilience) or epigenome associated should be carefully examined in future studies. Future genetic and epigenetic studies on DNAm and PTB should also address the concern that Yudell, Roberts, DeSalle, and Tishkoff (2016) raised regarding the inadequate classification of study participants by race (as defined by the U.S. government) due to the practice of relying on self-identification as African American or as having geographic ancestry. By utilizing ancestry-informative markers and epigenome-wide analysis, researchers could more accurately identify unique risk factors or epigenomic pathways for PTB among African Americans. Indeed, the concept of race in the United States may be a more useful proxy for negative social exposures that impact health than as a biologic precursor of disease. In addition, investigators should make an effort to improve representation of populations with diverse ancestry in genomic studies in order to address perinatal health disparities.
Another factor that may be impacting the number of studies looking specifically at race and associations between epigenomic changes and PTB is the inadequate number of nurse scientists with diverse ethnic and racial backgrounds who are ideally placed to conduct this research. According to the American Association of Colleges of Nursing (2015), only 13% of nursing faculty nationwide identify as African American, Latino, or another underrepresented minority group, while these groups made up 37% of the U.S. population in 2012 and are expected to grow to over 50% by 2043 (U.S. Census Bureau, 2014 . The exclusion of minority communities from genomic studies may be due, in part, to researchers' discomfort in dealing with issues of race and other barriers to recruiting minority populations (Knerr, Wayman, & Bonham, 2011) . These barriers could result in genomic studies with insufficient samples among minority groups and, ultimately, the discarding of those groups from analyses. Advocacy efforts to improve recruitment and retention of diverse nursing student bodies and faculty is therefore an important part of meeting this challenge.
Limitations
One limitation of the present review is the potential bias resulting from the fact that three of the studies used tissues from the same biobank (Behnia et al., 2015; Parets et al., 2013 Parets et al., , 2015 . This reliance on a limited number of samples may be due to the cost and complexity of tissue collection and analysis as well as the relative lack of research labs focusing on this area. Researchers are currently engaged in larger studies with longitudinal study designs and diverse samples that hold promise for increasing our understanding of maternal-fetal epigenomic interactions that lead to PTB. Ongoing studies may also provide opportunities to improve our understanding of how DNAm is associated with PTB specifically in African American women and children (Crusto, Barcelona de Mendoza, Connell, Sun, & Taylor, 2016; Taylor, Wright, Crusto, & Sun, 2016) . Another potential limitation is the inclusion of studies that used growth and gestational age as their primary outcome rather than PTB specifically. We included these studies because there is overlap in these adverse birth outcomes. All low birth weight babies are preterm, small for gestational age, or both (M. S. Kramer, 2013) ; therefore, biologic plausibility for shared pathways to these adverse outcomes exists. Finally, although there are other epigenetic factors/markers underlying epigenetic variation related to PTB, we focused on DNAm for the purposes of this review.
Recommendations for Future Research
Considering the limited number of existing epigenomic studies on DNAm and PTB, researchers should take advantage of data sharing and use of consortia to offset costs. Authors of future studies should also publish a detailed description of their methodology as well as a rationale for their chosen definition of PTB in order to facilitate replication of findings. It is imperative to identify and promote use of a clinically relevant definition of PTB in future studies, established via the gold standard for measurement of gestational age (i.e., ultrasound dating in the first half of pregnancy). Rationale for tissue type used for analysis should also be considered, as results may vary across tissues or cell composition ratios. DNAm is tissue-specific, and most of the studies reviewed used cord blood samples. Studies that examine overlap between maternal and fetal tissues could be crucial for determining whether maternal peripheral blood could be used as a marker for PTB, which would have great significance for clinical practice. Also, as the basic mechanism that triggers PTB is still unknown and the maternal and fetal environments are interdependent, studies that explore both maternal and fetal/infant DNAm are warranted. Finally, few epigenomic studies to date have distinguished between spontaneous and medically indicated PTB. Future research should consider PTB subtype. Previous reviews on DNAm and PTB have presented considerable evidence for an association between altered DNAm and this adverse outcome, yet the samples covered by the reviews have been largely restricted to Northern European or U.S.-based Caucasian populations (Parets et al., 2014) . Additionally, there has been wide variation in the approach to genomic analysis and research questions across studies, which limits generalizability of findings. Future research should be longitudinal in design, examining DNAm over time, including baseline (prepregnancy), during pregnancy (minimally at least once per trimester), and postpartum measurements. Such a design would allow researchers to investigate DNAm as a potential marker for PTB. As mentioned above, most studies in the present review used fetal-derived tissue. However, it remains unknown whether maternal factors, fetal factors, or a combination of the two drive spontaneous PTB. Examination of maternal samples longitudinally across pregnancy would help identify maternal factors that influence PTB, while longterm study of children born preterm may further inform our knowledge of life-course consequences (such as chronic disease). Finally and importantly, robust participation of African American mother-child dyads in future studies is also important so that studies will be sufficiently powered to examine the associations between epigenomic changes and PTB in this high-risk group.
Conclusion
Exploration of epigenomic changes association with PTB has the potential to provide important information that would allow clinicians to identify African American women who are at increased risk for PTB and to develop precise, individualized risk-specific interventions. Once research has revealed the mechanisms involved in PTB, including epigenomic pathways, future studies can focus on the reduction of health disparities in pregnancy outcomes. The ultimate goal of such research would be to provide the information necessary for nurses in the clinical setting to better care for vulnerable members of our communities and to prevent adverse pregnancy and birth outcomes.
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